Relative importance of OH', N O and ONOO-in triggering DNA singlestrand breakage and inducing PARS activation
Activation of PARS is non-specific in the sense that any trigger that causes DNA single-strand breakage will lead to the activation of PARS. In many of the initial studies investigating the role of PARS activation in cellular death, carcinogenic agents such as N-methyl-N'-nitrosoguanidine (MNNG) have been utilized to induce DNA single-strand breakage [ 101. MNNG continues to be a prototypical agent used for the induction of DNA single-strand breaks in various experimental systems. Interestingly, recent data raised the possibility that the exposure of cells to MNNG causes DNA single-strand breaks via the generation of NO' and ONOO-(see below).
Another prototypical trigger of DNA singlestrand breakage and PARS activation is OH'. Important sources of OH' generation are exposure to ionizing radiation and to H202 [3-51. Many early studies have utilized exposure to H202 for the generation of DNA single-strand breakage and subsequently activation of PARS [3-51 ( Figure 1) .
Studies by the groups of Kolb and Snyder, working on the pathogenesis of diabetes and neuronal injury respectively, independently proposed that NO' is an activator of PARS, because of its ability to initiate DNA strand breakage [11, 12] . When pancreatic islet cells or rat cerebellar slices were incubated with high concentrations of NO gas or high concentration of N O donor drugs, an increase in PARS activity and a consequent decrease in cellular NAD' levels were observed, leading to cytotoxic effects [ 11, 121 . Pharmacological inhibitors of PARS, such as 3-aminobenzamide and nicotinamide, ameliorated the cytotoxicity [ 11,121. In a physiologically more relevant setting, studies in brain slices have demonstrated that NMDA receptor activation increased N O production from endogenous sources, which, in turn, decreased cellular viability. Inhibitors of N O biosynthesis, as well as inhibitors of PARS, ameliorated the NMDA-activation-mediated decreases in cell viability [12] . In a more recent set of studies, using pancreatic islets of the PARS"-knock-out against cytotoxicity in response to oxidant stress mice, Kolb's group has confirmed that the lack of or to N O donor compounds [13] . Interestingly, functional PARS enzyme provides protection however, the protection wanes when extremely high concentrations of the oxidants are used [13] , suggesting that when cells are exposed to extreme oxidant stress, PARS-independent, parallel pathways of cytotoxicity become activated ( Figure 1 ). Although the importance of a NO-related species in the activation of PARS has been well established (see above), the exact nature of the species responsible for DNA single-strand breakage remained elusive. In a large number of studies, N O has been found to be relatively ineffective in inducing DNA injury, especially DNA single-strand breakage [14] . In 1992, King and colleagues [ 151 demonstrated that potassium peroxynitrite (ONOOK) caused DNA cleavage in solutions of end-labelled DNA restriction fragments. Over the last 3 years, Pryor's group [16, 17] and our group [18] have independently demonstrated the occurrence of DNA singlestrand breakage in various cell types exposed to ONOO-. In cultured macrophages and smoothmuscle cells exposed to ONOO-, we have also demonstrated that the development of DNA strand breaks results in the activation of PARS, with consequent reduction of intracellular NAD', ATP and suppression of mitochondrial respiration [ 181. The metabolic changes, but not the development of DNA strand breaks, could be ameliorated by pharmacological inhibition of PARS [18] . The finding that the PARS inhibitor 3-aminobenzamide did not inhibit the development of DNA strand breaks [18] , which is the obligatory trigger of PARS activation [l] , is consistent with the proposal that 3-aminobenzamide is not a direct scavenger of ONOO-and does not interfere with proximal processes of PARS activation.
Simultaneous generation of NO' and 0;' favours the production of ONOO-. The rate constant of the reaction of 0;' with NO' approximates the diffusion-controlled limit [ 191. Therefore ONOO-is the prime candidate as the mediator of PARS activation in conditions when N O and oxyradicals are simultaneously produced (Figure 1) . Accordingly, exposure of calf thymus DNA to 3-morpholinosidnonimine (a compound that releases equimolar quantities of N O and 0;') induced the development of DNA singlestrand breakage [20] . On the other hand, the 'pure' N O donor compound, SNAP, neither induced DNA strand breakage nor triggered PARS-related cellular energetic derangements in macrophages, smooth-muscle cells, epithelial cells [18, 21, 22] and cardiac myocytes (C. Szab6, unpublished work). In retrospect, it is important to point out that in the prior studies in brain slices, PARS was not activated by the 'pure' N O donor, sodium nitroprusside, but rather by the combination of sodium nitroprusside and SIN-1 [ 121. In these experiments, SIN-1 presumably provided 0;' for the generation of ONOO-. Moreover, in pancreatic islet cells, where N O donors induce PARS-dependent suppression of mitochondrial respiration [ 11,131, scavenging of 0;' (or ONOO-) with vitamin E prevents the cell damage elicited by NO' donors [23] . Taken together, it is fair to conclude that it is ONOOand not N O per se that triggers the development of DNA strand breakage and initiates PARS activation [24, 25] (Figure 1 ). Normal cellular processes may provide small amounts of 0;' to result in low levels of ONOO-. Furthermore inhibition of mitochondrial respiratory enzymes by NO' or ONOO-may induce the 'leak' of 0;' from the mitochondria, thereby leading to the generation of ONOO-, and initiation of a positive feedback cycle [25] . In addition, under conditions of low cellular 1,-arginine concentrations, NOS itself may generate cytotoxic quantities of ONOO-[26] (Figure 1) .
Since the appearance of the initial reports in thymocyes and macrophages [ 18,241 demonstrating ONOO--induced DNA single-strand breakage and PARS activation, ONOO--induced DNA strand breakage has been demonstrated in a variety of experimental systems, including human pulmonary epithelial cells [27] , human pancreatic islet cells [28] and human vascular endothelial cells [29] . Activation of PARS has been demonstrated or proposed to mediate the subsequent cellular injury under these conditions [27-291. In the studies discussed in the above sections, most of the experimental protocols utilized exposure of cells to authentic ONOO-or to other oxidants species, thus providing little insight into situations where ONOO-is being produced from endogenous sources. In in vitro studies in 5774 murine macrophages, we found that immunostimulation with bacterial lipopolysaccharide generates ONOO- [30] . Immunostimulation also resulted in DNA strand breakage and PARS activation, and these changes parallelled the onset of NO' and ONOO-production [3 13 . Pharmacological inhibitors of PARS activity as well as inhibitors of NO' synthesis ameliorated the depression of mitochondrial respiration in these cells [30, 31] . We obtained similar results utilizing three different structurally unrelated 92 I PARS inhibitors, suggesting that the mechanism by which these agents exerted protective effects is, indeed, via the inhibition of PARS activity [18, 31] . Similar results were obtained in immunostimulated cultured smooth-muscle cells [21] . Taken together, these data suggest that, similar to the actions of exogenous ONOO-, activation of PARS caused by DNA strand breakage due to endogenously produced ONOO-contributes to cell injury under immune activation. Similar to the autocrine cytotoxicity in immunostimulated macrophages and smooth-muscle cells, the target cell injury in cytotoxic activated lymphocytes appears to be, in part, dependent on PARS activation [32] , although the mediator causing DNA single-strand breakage has not been identified.
The molecular mechanism of the ONOO--induced DNA single-strand breakage is incompletely understood. The mechanism is likely to involve abstraction of hydrogen atoms from the ribose of the DNA moiety, thereby opening the sugar ring [24] . A similar abstraction of hydrogen atoms has previously been reported in conjunction with ONOO--induced lipid peroxidation. The development of the strand breaks cannot be inhibited by the OH' scavenger, mannitol, but can be prevented by the vitamin E analogue, Trolox, which is believed to react with peroxynitrous acid [24] . Therefore the immediate mediator in the process of DNA single-strand breakage may be peroxynitrous acid. Alternatively, or in addition to a direct mechanism, it is conceivable that ONOO-may generate secondary oxidants within the cells, which may subsequently cause DNA strand breakage.
It is noteworthy that ONOO-may mediate the DNA single-strand breakage triggered by known DNA-damaging agents, such as MNNG or streptozotocin. Recent evidence suggests that cells that express the glutathione transferase Mu class isoenzyme convert MNNG into GSNO, which then releases N O to react with 0;' to produce ONOO- [33] . Thus it appears that MNNG-induced DNA strand breakage may be, in fact, due to ONOO- (Figure 1 ). Streptozotocin exposure is another potent trigger of DNA strand breakage and PARS activation [34] (see also below). Current evidence demonstrates that streptozotocin generates N O in aqueous solutions and that scavenging N O protects against streptozotocin-induced DNA strand breakage [35, 36] . Coupling these previous data with the recent evidence showing that ONOO-(and not NO) is the potent trigger of DNA strand breakage, it is logical to propose that PARS activation due to ONOO-formation plays an important role in the cellular damage in response to streptozotocin (Figure 1 ).
PARS activation in response to
endogenous production of ONOO-: relevance for neuroinjury, diabetes, circulatory shock and ischaemiareperfusion As discussed above, PARS activation in response to endogenous production of ONOO-in response to NMDA receptor activation has been implicated in the pathogenesis of various forms of neuroinjury [12, 24] . In fact, several studies demonstrated the protective effects of 0;'-neutralizing strategies, as well as the protective effects of the inhibition of NO' synthesis in various forms of neuronal injury [12, 37, 38] . The proposal that the PARS pathway represents an important final common pathway involved in neuronal injury caused by NO' or ONOO-overproduction has been strengthened by recent reports demonstrating substantial protective effects of various PARS inhibitor compounds in various experimental models of neuroinjury [ 12, 39, 40] ,
The importance of the PARS pathway in the pathogenesis of pancreatic islet cell injury was initially put forward by Yamamoto and colleagues in 1981, based on studies in streptozotocintreated islet cells [34] . Inhibition of PARS inhibited the NAD' depletion and the suppression of proinsulin synthesis without modifying the extent of DNA damage in streptozotocintreated islet cells [34, 41] . Moreover, in vivo experiments demonstrated that PARS inhibition by 3-aminobenzamide or nicotinamide prevents the onset of streptozotocin-and alloxan-induced diabetes [42] . The studies into the role of PARS in diabetes gained new momentum by a recent line of investigators demonstrating protection by inhibition of PARS in islet cells exposed to oxidants and N O donors (see above) [ 11, 131 . However, the relevance of the chemically induced diabetes models is questionable, and it appears that experimental models of spontaneous autoimmune diabetes are more relevant to the pathophysiology of the human disease. In this latter experimental model, the development of the disease is governed by the intra islet production of proinflammatory cytokines. These cytokines, in turn, induce the expression of iNOS in the pancreatic islet cells of autoimmune diabetes-prone Volume 25 non-obese diabetic mice, with consequent overproduction of NO' [43] . Recent studies have demonstrated massive production of nitrotyrosine in pancreatic islet cells of the diabetesprone non-obese diabetic mice [43a]. However, the potential role of PARS activation in the autoimmune model of diabetes requires further investigation.
Circulatory shock induced by bacterial lipopolysaccharide (endotoxin) is another pathophysiological condition associated with a massive overproduction of NO', oxygen-derived free radicals and ONOO- [44] . T h e NOS isoenzyme responsible for the overproduction of NO' in endotoxic shock is the inducible form (iNOS). In studies in rats and mice challenged with high doses of endotoxin, we have demonstrated that inhibition of PARS with 3-aminobenzamide or nicotinamide ameliorates the cellular energetic derangements [31], prevents the loss of vascular contractility [21] , reduces the degree of the impairment of the endothelial function [29] , and provides significant protection against endotoxininduced death [Zl] . It is noteworthy that inhibitors of N O biosynthesis [44] , as well as a cell-permeable superoxide dismutase mimetic [45] , provided comparable protection against the energetic derangements and the loss of vascular function in the above mentioned rodent model of endotoxic shock.
T h e production of ONOO-has been shown to play an important role in various forms of ischaemia-reperfusion injury [44, 46, 47] . In these conditions, the source of NO' for the generation of ONOO-is the constitutive endothelial NOS isoenzyme. Recent investigations began to evaluate the potential protective effect of PARS inhibitors in various forms of reperfusion injury. Inhibition of PARS with 3-aminobenzamide has been shown to markedly reduce neutrophil infiltration and infarct size in various rodent models of myocardial reperfusion injury [48, 49] . Moreover, pharmacological inhibition of PARS improved survival and provided protection against the intestinal injury in a rat model of splanchnic ischaemia-reperfusion injury [50] , and reduced muscle necrosis in a model of skeletal-muscle reperfusion injury [48] .
Conclusions
Taken together, the current data suggest that activation of PARS plays an important role in the cellular injury in a variety of pathophysiological conditions, most notably neuroinjury, diabetes mellitus, circulatory shock and myocardial and splanchnic ischaemia-reperfusion injury. Under these conditions, the main triggers leading to DNA single-strand breakage are OH' and ONOO-. There are several strategies for the prevention of the development of PARS-related cellular energetic failure: (i) inhibition of the biosynthesis of NO', (ii) scavenging NO', 0;' or ONOO-, and (iii) direct inhibition of PARS activity. For all of these interventions, several classes of pharmacological agents are available. Further studies are required to evaluate the therapeutic potential of the above strategies in various pathophysiological conditions. This work was supported by a Grant-In-Aid from the American Heart Association.
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